Introduction
In the last decade a great deal of attention was awarded to a signal transduction pathway which is utilized primarily by 'Ca2+ -mobilizing' signal molecules (hormones, neurotransmitters, etc. that elevate intracellular Ca2+ concentrations) and which involves the hydrolysis of a quantitatively minor membrane phospholipid, phosphatidylinositol 4,sbisphosphate [PtdIns (4, 5) P2], by a phosphoinositide-specific phospholipase C (PI-PLC) [ 1, 21. There is, however, a growing appreciation that PtdIns (4, 5) P2 is not the only phospholipid whose breakdown is stimulated by extracellular signals. The 1, moiety is contained within the phosphatidyl moiety common to all glycerophospholipids ( Fig. 1 ) , and there is evidence that a major fraction of the DAG formed in some stimulated cells arises from the breakdown of phosphatidylcholine (PC, Fig. 1 ; see [3] for review). Moreover, there is now ample evidence that in many cell types PC hydrolysis is catalysed by phospholipase D (PLD) . In the following paragraphs I shall briefly review the evidence for the existence of PLD in mammalian tissue, its signaldependent activation in intact cells, the mechanisms that may couple occupied receptors to PLD activation, and its postulated physiological role in signal transduct ion.
Abbreviations used: 1.2-DAC, diacylglycerol; G-protein, guanine-nucleotide-binding protein; PA, phosphatidic acid; PC, phosphatidylcholine; PI-PLC, phosphoinositide-specific phospholipase C, PLD, phospholipase D, GTP[S] , guanosine 5'-[ y-thioltriphosphate.
A brief history of mammalian phospholipase D
PLD (EC 3.1.4.4) catalyses the following phosphatidy1 transfer reaction:
In the presence of water (i.e. when R'=H), PLD hydrolyses phospholipids (e.g. PC), yielding phosphatidic acid (PA) and the free polar head group (e.g. choline) (Fig. 1 ). In the presence of a primary alcohol such as ethanol, however, PLD would also catalyse a trans-phosphatidylation reaction and an additional product, a phosphatidic acid alkyl ester (i.e. phosphatidylethanol) will be produced [4] . PLD was first discovered in plants [S] , where it is present in large amounts, and it has been identified also in bacteria and fungi; for a long time, however, it was thought to be absent from animal cells (reviewed by Heller [6] ). In 1975, however, a mammalian form of PC-PLD with an acid pH optimum was identified by Saito & Kanfer in solubilized brain membrane preparations [7] . The properties and distribution of this enzyme were described in a series of reports from Kanfer and his associates . The absence of enzymic activity in native membranes (i.e. in the absence of a detergent activator) made the elucidation of the physiological function(s) of this acid PLD quite difficult.
The interest engendered by the discovery of PLD activation in intact cells (see below), had sparked a renewed effort to identify PLD-type enzymes with activity at neutral pH (the pH at the plasma membrane). Martin Generation and interconvenion of diacylglycerol and phosphatidic acid Both PC and Ptdlns(4, 5) P2 (PIP,) are depicted as their I -stearoyl-2-arachidonoyl forms. The phosphatidyl moiety is shown enclosed within the broken line. DGK, DG kinase, PAP, PA phosphatase.
neutral PLD in membranes of bovine endothelial cells that depended on the presence of Triton X-100 for its activity in vitro. We have very recently described a neutral PLD activity, which is present in isolated rat brain synaptic plasma membranes, and which also requires a detergent activator (sodium oleate) to exhibit its activity in vitro and which is stimulated by M g + ions [ 141. The specific activity of this neutral brain PLD is over 10 nmol/ min per mg of protein, substantially higher than specific activities of PLD in other systems in vitro.
The relations of the recently identified neutral PLD activities to the acid PLD and to the enzyme(s) that are activated by extracellular signals in intact cells (to be described below) remain to be elucidated.
Activation of PLD by extracellular signals
An important step forward in our understanding of PLD came when a number of independent studies demonstrated that PLD can be activated in intact, cultured cells by hormones and phorbol esters [15] [16] [17] . Bocckino The production of phosphatidylethanol proved to be an extremely valuable tool in studies of PLD. As illustrated in Fig. 2 , phosphatidic acid, which is the natural lipid product of PLD, can be formed also by synthesis de novo, as well as via phosphorylation of DAG by DAG kinase. As the activity of both these pathways can be increased in 403 stimulated cells, changes in PA levels do not necessarily imply activation of PLD. Moreover, owing to the central position of PA in glycerolipid metabolism, any PA that is produced in response to hormonal stimuli is likely to be quickly metabolized. In contrast, phosphatidylethanol is not metabolized by the pathways that metabolize PA, and thus it may accumulate in the stimulated cells. Employing " Hand "P-double-labelled PC as substrate, Pai et al.
have elegantly and conclusively demonstrated in cultured cells that phosphatidylethanol is formed exclusively by PLD [18, 191 . The formation of phosphatidylethanol can thus be regarded as a reliable and specific indication for the activation of PLD, and, as such, has often been utilized to demonstrate the activation of PLD by a variety of stimuli in diverse cell types. Table 1 lists some of the cell systems in which the activation of PLD by agonists was demonstrated, either as an increase in PA and choline production or by formation of phosphatidylethanol. Evidently, agonist-activated PLD was observed in a wide variety of vertebrate cells as well as in one invertebrate system (sea-urchin spermatozoa). In all these cases, PLD was activated by Ca2+-mobilizing hormones which were already known to also stimulate PI-PLC activity and, subsequently, protein kinase C. This common denominator raises an important question: does stimulation of PLD activity occur downstream to the activation of PI-PLC and protein kinase C? Alternatively, is there a more direct mode of activation of PLD by occupied hormone receptors, e.g. via guaninenucleotide-binding (G) proteins?
Mechanisms of PLD activation
After early studies in intact cells, in which phorbol esters were shown to stimulate PLD activity [15] [16] [17] , the stimulatory effect of these protein kinase C activators on PLD was observed in most, if not all, of the cell types which were examined and which are listed in Table 1 . (Peripheral blood lymphocytes, in particular T-lymphocytes, may represent an exception [20] ). Convincing evidence Two studies, carried out in two different cell systems, suggest that this may not be the case. In rat granulosa cells, PLD activity is stimulated both by a phorbol ester and by a gonadotropin-releasing hormone analogue [25] . The effects of combined supramaximal concentrations of the hormone and the phorbol ester on PLD activity are additive, suggesting that the two agents do not act via the same mechanism. This conclusion is supported by experiments showing that a protein kinase C inhibitor differentially inhibited the effect of the phorbol ester on PLD activity, but not that of the hormone. Reinhold et al. have similarly demonstrated that activation of PLD by phorbol ester in human neutrophils can be inhibited by the protein kinase C inhibitor staurosporin, whereas PLD activation by the chemotactic peptide N-formyl-Met-Leu-Phe is actually augmented in the presence of this inhibitor [26] . These findings thus raise the possibility that activation of PLD by agonists acting on cell-surface receptors does not involve protein kinase C, but, rather, another coupling mechanism. G-proteins were implicated in the activation of PLC and phospholipase A2 (see [27] for review). Recent evidence suggests that such proteins could also serve to couple activated cell-surface receptors and PLD in a variety of cell types [ 15, [28] [29] [30] [31] [32] [33] [34] . In a recent study, we have utilized permeabilized neuroblastoma X glioma hybrid NG 108-15 cells to examine in detail the activation of PLD by guanine nucleotides and its modulation by protein phosphorylation ([34]; M. Liscovitch & Y. Eli, unpublished work) . ) stimulated the production of phosphatidylethanol in this permeabilized cell preparation up to 6-fold. Both the basal and the GTP[S]-stimulated activity were potentiated by free M$+ ions and by MgATP, but not by non-phosphorylating analogues of ATP. The potentiation of PLD activation by MgATP suggests that PLD activation may be positively modulated by phosphorylation. Yet, the kinase that might be involved in MgATP action is unlikely to be protein kinase C: (i) the response to MgATP was fully observed even at a very low (4 nM) Ca2+ concentration and higher concentrations of Ca2+ ( > 20 p~) completely inhibited PLD activation; (ii) in the presence of MgATP, the maximal effect of GTP [S] was significantly greater than the activation elicited by a maximally effective concentration of phorbol ester; and (iii) the effect of combined maximal doses of GTP [S] and phorbol ester on PLD activity were greater than additive, i.e. the phorbol ester potentiated the response to GTP [S] . Hence, protein kinase C is unlikely to mediate the stimulatory effect of GTP[S] on PLD activity. Rather, our results indicate that PLD is directly regulated by an as yet unidentified G-protein in NG108-15 cells. The effect of MgATP further suggests that PLD activation may be positively modulated by an unknown protein kinase and, in the presence of suitable activator, also by protein kinase C.
The fact that PLD is activated by Ca2+-mobilizing hormones known also to activate PI-PLC raises the attractive hypothesis that both PLD and PLC are regulated by the same G-protein. It is interesting to note that protein kinase C has a negative modulatory effect on PI-PLC (reviewed in [ l]), while exerting a positive modulatory effect on PLD. Thus, it is tempting to speculate that, if indeed both PLD and PLC are regulated by the same G-protein, protein kinase C might serve to switch this G-protein from the initial, transient activation of PLC to the subsequent, more persistent activation of PLD. This would accomplish the redirection of diacylglycerol production from the quantitatively minor polyphosphoinositides to the more plentiful source, phosphatidylcholine, and might represent a feed-forward mechanism in the activation of protein kinase C (and other DAG targets). The inhibitory effect of Ca2+ 
Open questions
The discovery of PLD activation by signal molecules, its rapid kinetics, the probable involvement of G-proteins in receptor-PLD coupling and the PLD-catalysed production of biologically active lipids, all strongly implicate PLD activation as a major trans-membrane signalling pathway in mammalian cells. Yet, many are the questions that remain to be answered and prominent among them involves the role of PLD activation in cell signalling. PA, the product of PC hydrolysis by PLD, is a biologically active lipid (e.g. [37] 
Introduction
The phosphoinositide hydrolysis signalling pathway involves the metabolism of the membrane lipid phosphatidylinositol4,S-bisphosphate [PtdIns(4, S) Pz] to produce the second messengers inositol 1, 4, 4, 5) P3] (which mobilizes intracellular Ca2+) and diacylglycerol (DAG) [which activates protein kinase C (PKC)] [ 1, 2] .
The utilization of this signalling system has been established for neurones in many brain areas including cerebral cortex, corpus striatum, cerebellum, hypothalamus and hippocampus [ 31. Moreover, a great variety of receptors for peptide hormones and neurotransmitters have been shown to be linked to the activation of a membrane-bound phosphoinositidase C, which is responsible for the hydrolysis of PtdIns(4,5)P2 The hippocampus is a relatively simple stratified structure lying beneath the neocortex. It is a well-studied structure from a neurochemical and neurophysiological viewpoint and, indeed, much information on the mechanisms of action of neurotransmitters has been derived from studies using the hippocampal slice preparation in vitro. Incubation of rat hippocampal formation slices under steady-state conditions with [3H]Ins leads to only three phospholipids becoming labelled PtdIns, PtdIns4P, Ptdns(4,s)P2 [4] . All three lipids incorporate [32P]Pi into their phosphodiester phosphate group with the polyphosphoinositides also incorporating this tracer into their monoester phosphate groups [4] . As the concentrations of these lipids remain constant during these labelling processes, we conclude that the phosphodiester phosphate, the inositol moiety, and the monoester phosphate groups undergo metabolic turnover in hippocampal formation slices incubated in vitro [4] .
Polyphosphoinositide metabolism, calcium and seizures in hippocampal neurones
Hippocampal neurones play an important role in memory and learning processes and also possess the ability to produce spontaneous synchronous 407
